The effects of contact pressure and surface roughness on fretting fatigue strength of Ti-4.5Al-3V-2Mo-2Fe conducted with annealing at 1123 K were investigated in this study. Fretting fatigue tests in low and high cycle fatigue life regions of the alloy were carried out at each contact pressure of 10, 15, 30, 45, 75, 105 and 153 MPa using relatively rough surface specimens with roughness number around 120$140 nm. Furthermore, the fretting fatigue tests were also performed on the relatively smooth surface specimens with roughness number around 13:2$32:2 nm at a selected contact pressure of 153 MPa. The fretting fatigue crack initiation mechanism is changed by contact pressure. At a contact pressure of 15 MPa, fretting fatigue life tends to be very low in each fatigue life region. The tangential force tends to increase with increasing contact pressure in each fatigue life region. Contrary to this trend, the tangential force coefficient tends to decrease with increasing contact pressure in each fatigue life region. The fretting fatigue life of the alloy with smooth surface is greater about 20% and 10% in low and high cycle fatigue life regions, respectively, than that of the alloy with relatively rough surface.
Introduction
Recently, Ti-4.5Al-3V-2Mo-2Fe, which is an þ type titanium alloy, has been registered in AMS (Aerospace Material Specification) as aircraft materials. This alloy shows superplasticity at a lower temperature about 973 K as compared with conventional Ti-6Al-4V that shows superplasticity at about 1173 K. Therefore, the processing cost of the alloy can be decreased and the demand for the alloy will expand in the future aerospace field.
It is extremely important to raise the safety of the materials for aerospace applications. In the case where this alloy is, for example, used for turbine engine blades, the fretting fatigue fracture, which is caused by the combination of cyclic fatigue stress and frictional wear, can occur at turbine engine blade roots. As a result, many small cracks will easily initiate on the material surface, which lead to fracture of materials.
It is well-known that the fretting fatigue life of an alloy is remarkably lower than its plain fatigue life. 1) While, fretting fatigue strength of steels, in general, decreases with increasing contact pressure.
2) The similar trend was found in Ti-6Al-4V, the most popular titanium alloy for aerospace applications, where the fretting fatigue strength in high cycle fatigue life region (the number of cycles to failure is over 10 5 cycles) of this alloy tends to be very low at relatively low contact pressure. 2, 3) For þ type titanium alloys, it has been reported that the fatigue life of these alloys is hardly affected by surface roughness as compared with that of steels. 4) However, so far, there are no citied reports available on the fretting fatigue characteristics of a titanium alloy with relating the contact pressure for low cycle fatigue life region (the number of cycles to failure is under 10 5 cycles). Also, there are not enough reports on the fretting fatigue characteristics of titanium alloy with relating the surface roughness. Therefore, the effects of contact pressure and surface roughness on fretting fatigue characteristics of Ti-4.5Al-3V-2Mo-2Fe, a highly workable titanium alloy that is predicted to be use widely as aerospace material and structural materials as well, were investigated in this study.
Experimental Procedures

Material
The materials used in the present study were hot rolled bars of Ti-4.5Al-3V-2Mo-2Fe (Al:4.33, V:3.10, Fe:1.85, Mo:1.84, O:0.08, N:0.01, C:0.01, H:0.00025, Ti:bal., mass%) with a diameter of 14 mm. They were conducted with annealing at 993 K for 3.6 ks in vacuum followed by aircooling. Tensile strength, B , 0.2% proof stress, 0:2 , and elongation, El, of as-received alloy were 964 MPa, 912 MPa and 17%, respectively.
Heat treatment
The bars were conducted with annealing at a temperature of 1123 K, which is under transus temperature and over recrystallization temperature of the alloy, for 3.6 ks in vacuum and then air-cooled to room temperature (295 K).
5)
Fretting fatigue test
At first, plain fatigue test specimens with a diameter of 10 mm and a gage length of 24 mm according to ASTM E466 6) were machined from the heat-treated bars with their longitudinal directions parallel to the rolling directions of the bars. Then, each specimen was wet-grounded by waterproof emery paper up to #1000. Then, fretting fatigue test specimens with a flat area of 3 mm width and 20 mm length, of which other geometry was the same as that of the plain fatigue test specimen were machined from the heat-treated bars ( Fig. 1(a) ). Finally, flat area of fretting fatigue test specimens were wet-grounded by waterproof emery paper up to #1000. The same material conducted with the same heat treatment as for the fretting fatigue test specimen was used for the fretting pads ( Fig. 1(b) ). The fretting pads were wetgrounded by waterproof emery paper up to #1000 along with their longitudinal directions. The measurement results of the surface roughness of these wet-grounded specimens indicated that the average surface roughness, Ra, of these specimens were 120$140 nm, which is referred as rough surface specimens hereinafter.
The fretting fatigue test specimens and pads were contacted each other in the condition in which their longitudinal directions were orthogonalized each other after they were sufficiently degreased by acetone. The fretting fatigue testing system used in this study is schematically shown in Fig. 2 . Fretting fatigue tests were carried out at a frequency of 10 Hz with a stress ratio, R ¼ 0:1, under a sine wave of cyclic tension-tension loading at room temperature (295 K) in air using an electro-servo-hydraulic fatigue testing machine with a maximum capacity of 25 kN. The normal load of the pad was controlled using hydraulic-servoactuator. Each fretting fatigue test was performed at selected contact pressures of 10, 15, 30, 45, 75, 105 and 153 MPa, respectively, in low and high cycle fatigue life region. For contact pressure of 153 MPa, the maximum cyclic stress, max , obtained for low cycle fatigue life region is 511 MPa. While, max for high cycle fatigue life region is 398 MPa.
Furthermore, in order to know the effect of surface roughness on the fretting fatigue, the tests were also performed on smooth surface specimens at a selected contact pressure of 153 MPa. This smooth surface specimen and the pad as well were buff-polished to produce mirror surface after wet grounding in waterproof emery paper of #1500. The measurement result on surface roughness of these smooth surface specimens indicated that the average surface roughness, Ra, were 13:2$32:2 nm.
Measurement of tangential force
The calibration curve between static load and strain of the alloy was measured before fretting fatigue testing. Then, the tangential force between fretting fatigue test specimen and pad in fretting fatigue test was measured using an oscilloscope and a foil strain gauge attached to the side of the pad. The tangential force measuring system used in this study is schematically shown in Fig. 2 . The tangential force coefficient, was calculated by the following equation;
where F and P are the tangential force and the normal load, respectively.
2.5
Observations of microstructure and fracture surface The observations of microstructures were carried out using a scanning electron microscopy, SEM, and a transmission electron microscopy, TEM. The observations of fracture surfaces were carried out using an SEM.
Results and Discussion
Microstructure
SEM micrograph of the alloy conducted with annealing at 1123 K is shown in Fig. 3 . Small black and white parts are primary phase and phase region, respectively. The microstructure of the alloy showed equiaxed structure. The volume fraction and average diameter of primary phase of Fretting Fatigue Characteristics of Ti-4.5Al-3V-2Mo-2Fe
the alloy were about 30% and 2.3 mm, respectively. The volume fraction and average diameter of phase region of the alloy were about 70% and 2.7 mm, respectively.
Effect of contact pressure on fretting fatigue characteristics
The relationship between the number of cycles to failure and contact pressure of the alloy obtained from fretting fatigue tests in low and high cycle fatigue life regions are shown in Fig. 4 . In the present study, the maximum cyclic stress in fatigue life region over 10 7 cycles is defined as fretting fatigue limit. At a contact pressure of 0 MPa, fretting fatigue strength is defined as fretting fatigue limit in each fatigue life region because plain fatigue strengths of the alloys obtained at max ¼ 511 MPa and 398 MPa became plain fatigue limits. 5) At a contact pressure of 10 MPa, fretting fatigue strength tends to become fretting fatigue limit in high cycle fatigue life region. At a contact pressure of 15 MPa, fretting fatigue strength tends to be very low in each fatigue life region. The numbers of cycles to failure in low and high cycle fatigue life regions in this case are around 4:28 Â 10 4 cycles and 1:03 Â 10 5 cycles, respectively. The fretting fatigue strength tends to increase slightly with further increasing contact pressure up to the contact pressures of 30 MPa and 45 MPa in low and high cycle fatigue life regions, respectively. At the contact pressures of 30 MPa and 45 MPa in low and high cycle fatigue life regions, respectively, fretting fatigue strength tends to show peak values. The numbers of cycles to failure in low and high cycle fatigue life regions in this case are around 6:34 Â 10 4 cycles and 1:82 Â 10 5 cycles, respectively. Furthermore, fretting fatigue strength tends to become nearly constant after slight decrement with further increasing contact pressure.
Generally, fretting fatigue strength of steels decreases with increasing contact pressure as mentioned in introduction. 2) However, at a relatively low contact pressure, that is 15 MPa, the fretting fatigue strength are the lowest in each fatigue life region in this study. Nakazawa, et al. 2, 3) investigated the effect of contact pressure on fretting fatigue characteristics of Ti-6Al-4V in high cycle fatigue life region. According to their report, the fretting fatigue strength is changed by contact pressure similar to the cases of this study. The lowest fretting fatigue strength in this case occurred at a contact pressure of 23 MPa. Furthermore, they have reported that fretting fatigue strength tends to become nearly constant after a slight increasing with further increasing contact pressure, as also obtained in this study.
From these results, it can be concluded that the fretting fatigue fracture in þ type titanium alloys will occur earlier at a relatively low contact pressure. and stick regions can be clearly defined on the pad contact area in low cycle fatigue life region. In this case, the remarkable abrasive wear occurs in the slip region, and the wear debris is swept out from the edge of the pad to pile up on the specimen surface. However, the boundary between slip and stick regions is unclear on the pad contact area in high cycle fatigue life region, and the pile up of wear debris decreases because the amount of wear debris formed decreases. 7) These trends are almost similar to the alloy obtained from fretting fatigue tests with other contact pressure in low and high cycle fatigue life regions. An exception was only found at a contact pressure of 10 MPa, where stick region cannot be seen in high cycle fatigue life region. Although a remarkable abrasive wear occurred in the total pad contact areas, the wear debris tended to be swept out from the edge of the pad.
It is suggested that the fretting fatigue crack forms at the part where the frictional shear stress concentrates locally such as uneven wear damaged parts by fretting wear in the slip region 3, 8) and the boundary between slip and stick regions is shown in Fig. 6 .
3) Especially, in the latter case, since the contact pressure acts through uneven wear damaged parts, the total contact pressure that acts in the slip region is lower than the average contact pressure of the pad. As a result, the total contact pressure that acts in the stick region is higher than that in the slip region. Therefore, the stress concentration is considered to occur at the boundary between slip and stick regions. 3) Using fretting fatigue specimens tested at various contact pressures in low and high cycle fatigue life regions, the main crack initiation location (x=a) was measured as schematically shown in Fig. 7 . In this case, the length of fretted area, the distance from outer edge of fretted area to the main crack initiation location and the distance from the main crack initiation location to inner edge of fretted area were defined as 2a, (a À x) and (a þ x), respectively. The location of center and outer edge of fretted area are defined at x=a ¼ 0 and x=a ¼ 1, respectively.
The relationships between crack initiation location and contact pressure of the alloy obtained from fretting fatigue tests at various contact pressure in low and high cycle fatigue life regions are shown in Fig. 8 . At the contact pressure of 15 MPa and 30 MPa, the crack initiation location is nearly at outer edge of fretted area in the slip region in each fatigue life region. The crack initiation location in low and high cycle fatigue life regions are x=a ¼ 0:95$0:97 and 0:83$0:84, respectively. In this case, the small fretting fatigue crack tends to form at uneven wear damaged parts by fretting wear in the slip region is shown in Fig. 9 . It is considered that the small fretting fatigue crack is accelerated by the wedge effect 5, 9) where the wear debris goes into the small initial fretting fatigue crack. The wedge effect is relatively greater at the contact pressure of 15 MPa and 30 MPa because the wear debris at the contact pressure of 15 MPa and 30 MPa in each fatigue life region decreases as compared with that at a contact pressure of 10 MPa in high cycle fatigue life region. 9) Then, the multiple micro cracks link each other to form the main small crack after they grow to some extent as shown in Fig. 10 . The multiple non-propagating micro cracks were observed in the slip region at relatively lower contact pressure for steels. 2, 10) It is considered that the number of non-propagating micro cracks in þ type titanium alloys Center of fretted area Outer edge of fretted area Fig. 8 Relationships between crack initiation location, x=a, and contact pressure, P c , of Ti-4.5Al-3V-2Mo-2Fe obtained from fretting fatigue tests.
Fretting Fatigue Characteristics of Ti-4.5Al-3V-2Mo-2Fesuch as Ti-6Al-4V is relatively small because the notch sensitivity for þ type titanium alloys is higher than that of steels. 4) Therefore, the trend in fretting fatigue strength of the present alloy is considered to be different from the cases of steels, that is, the fretting fatigue strength of the present alloy tends to be very low at relatively low contact pressure. Figure 8 shows the relationships between crack initiation location, x=a, and contact pressure, P c . It can be seen that at the contact pressure from 30 through 45 MPa, the crack initiation location is shifted from outer edge to nearly center of fretted area with increasing contact pressure in each fatigue life region. Furthermore, at the contact pressure from 45 through 153 MPa, that is, at relatively higher contact pressure, the crack initiation location tends to change from nearly center to outer edge of fretted area with increasing contact pressure in each fatigue life region as shown in Fig. 8 . The crack initiation location in low and high cycle fatigue life regions in this case are x=a ¼ 0:70$0:89 and 0:41$0:82, respectively. This trend is almost similar to the report that the stick region increases with increasing contact pressure, and then the crack initiation location changes with increasing contact pressure.
11) Therefore, it is considered that the crack initiation location at the contact pressure from 45 through 153 MPa is the part where the stress concentrates locally at the boundary between slip and stick regions. In this case, the small fretting fatigue crack tends to form at uneven wear damaged parts by fretting wear in the slip region similar to the case at the contact pressure of 15 MPa and 30 MPa as shown in Fig. 11 . However, the wear debris decreases because the relative slip distance decreases with increasing contact pressure. Furthermore, uneven wear damaged parts by fretting wear in the slip region decreases with decreasing the wear debris, and then the small fretting fatigue crack tends to be filled out by the wear debris. This process may be called as debris-induced crack-closure referring to the term of Therefore, it is considered that the small fretting fatigue crack propagation was suppressed. The relatively longer crack propagation morphology at the contact pressure from 45 through 153 MPa was similar to that at the contact pressure of 15 MPa and 30 MPa. At a contact pressure of 10 MPa, stick region did not exist in high cycle fatigue life region. Furthermore, the remarkable abrasive wear occurred in the total pad contact areas, and then the wear debris tended to be swept out from the edge of the pad. In this case, it is considered that the small fatigue crack initiation is suppressed because the concave wear damaged parts is filled with much wear debris although uneven wear damaged parts by fretting wear in the slip region are formed.
9) Furthermore, it is considered that new fatigue crack site was not formed because there was no stick region because of relatively lower contact pressure.
Effect of tangential force on fretting fatigue life
The relationships between tangential force or tangential force coefficient and contact pressure of the alloy obtained from fretting fatigue tests at various contact pressures in low and high cycle fatigue life regions are shown in Fig. 12 . At the contact pressure from 15 MPa through 45 MPa, the tangential force tends to increase rapidly with increasing contact pressure in each fatigue life region. At the contact pressure more than 45 MPa, the tangential force tends to increase slowly with increasing contact pressure, and then the tangential force tends to show maximum value at a contact pressure of 153 MPa in each fatigue life region. The tangential force in low and high cycle fatigue life regions in this case are around 74.4 N and 39.8 N, respectively. This trend is opposite to trend in the tangential force coefficient that decreases with increasing contact pressure. 2) At the contact pressure from 45 through 153 MPa, the crack initiation location is in the boundary between slip and stick regions as mentioned above. In this range of contact pressure, the length of stick region tends to increase with increasing tangential force as shown in Figs. 8 and 12 . It is considered that fretting fatigue crack propagation rate increases with increasing tangential force.
2) However, at the contact pressure from 45 through 153 MPa, that is, at relatively higher contact pressure, fretting fatigue life tends to be nearly constant in each fatigue life region. This is considered that the contact pressure itself gave a static compressive stress near the crack front and caused suppression of crack growth. This effect increases with increasing contact pressure. Therefore, it is considered that the decrease in fretting fatigue strength is suppressed at contact pressure over a certain contact pressure. 2, 12) The fretting fatigue life does not change linearly with the contact pressure in each fatigue life region as described above. Fretting fatigue life tends to be very low at a certain contact pressure, and then fretting fatigue life tends to become nearly constant with further increasing the contact pressure. Therefore, it is difficult to explain fretting fatigue mechanisms only by the tangential force. Multiple factors should be considered to coexist. Fig. 12 Relationships between tangential force, F, or tangential force coefficient, , and contact pressure, P c , of Ti-4.5Al-3V-2Mo-2Fe obtained from fretting fatigue tests.
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3.5 Effect of surface roughness on fretting fatigue characteristics The relationships between the number of cycles to failure and average surface roughness of the alloy obtained from fretting fatigue tests using fretting fatigue specimen with two kinds of surface roughness with a selected contact pressure of 153 MPa in low and high cycle fatigue life regions are shown in Fig. 13 . It can be seen that the number of cycles to failure (fretting fatigue life) of the specimen with relatively smooth surface (with a roughness of Ra ¼ 13:2$32:2 nm) is greater about 20% in low cycle fatigue life region and 10% in high cycle fatigue life region than that of specimen with relatively rough surface (with a roughness of Ra ¼ 120$140 nm).
Typical SEM micrographs of the pad contact areas (slip and stick regions) of the specimen for the both kinds of surface roughness is shown in Fig. 14 . The boundary between slip and stick regions can be clearly defined on the contact area in each specimen, and the contact surface morphology is almost similar among each specimen.
The relationship between crack initiation location and average surface roughness of the alloy for both kinds of surface roughness is shown in Fig. 15 . The crack initiation location of the smooth surface specimens tends to shifted from nearly outer edge to center of fretted area as compared with that of rough surface specimens in both fatigue life regions. The crack initiation location in low and high cycle fatigue life regions in this case are x=a ¼ 0:48$0:89 and 0:28$0:82, respectively. The crack initiation point in both kinds of surface roughness specimens located in the boundary between slip and stick regions. While, the relative length of fatigue crack propagation path of smooth surface specimens is almost similar to that of rough surface specimens.
The relationships between tangential force or tangential force coefficient and surface roughness of the specimen is shown in Fig. 16 . The tangential force and tangential force coefficient of smooth surface specimens tends to be smaller than those of rough surface specimens. Therefore, it can be understood why the fretting fatigue life of the smooth surface specimens tends to be greater than that of the rough surface specimens, that is because the crack initiation location of the alloy with a surface roughness smooth surface specimens tends to shifted from nearly outer edge to center of fretted area as compared with that of rough surface specimens. Furthermore, it is considered that fretting fatigue life increases slightly because fretting fatigue crack propagation rate decreases with decreasing tangential force in the case the same contact pressure. The tangential force of smooth surface specimens at a contact pressure of 153 MPa in low cycle fatigue life region is similar to that of rough surface specimens at a contact pressure of 15 MPa in low cycle fatigue life region (Fig. 12) . However, the tangential force coefficient of smooth surface specimens is around 1/10 of that of rough surface specimens. Therefore, it is considered that the relative slip distance of smooth surface specimens is smaller than that of rough surface specimens. In the present study, it is considered that the fretting fatigue fracture mechanism of smooth surface specimens is similar to that of rough surface specimens as described above although the fretting fatigue life of smooth surface specimens is greater about 20% and 10% in low and high cycle fatigue life regions, respectively, as compared with that of rough surface specimens.
Conclusions
Fretting fatigue characteristics of Ti-4.5Al-3V-2Mo-2Fe conducted with annealing at 1123 K for 3.6 ks were investigated with relating contact pressure and surface roughness in the present study. The following results were obtained.
( Fig. 16 Relationships between tangential force, F, or tangential force coefficient, , and average surface roughness, Ra, of Ti-4.5Al-3V-2Mo-2Fe obtained from fretting fatigue tests with a contact pressure of 153 MPa.
